Introduction
============

Hepatocellular carcinoma (HCC) is a malignancy with a particularly poor prognosis because of its unresponsiveness to treatment.^[@bib1]^ Patients diagnosed with HCC at an early stage could be candidates for curative treatments with relatively high 5-year survival rates, such as surgical resection, radio-frequency ablation or liver transplantation,^[@bib2]^ but unfortunately, only 30--40% of newly diagnosed HCCs are suitable for curative treatment.^[@bib3]^ The majority of patients with HCC receive palliative treatments, such as transarterial chemoembolization, radiotherapy or sorafenib.^[@bib4],\ [@bib5],\ [@bib6]^ A combination of palliative treatment modalities is also favored in selected cases to increase the treatment response rates and ultimately the survival rate. In particular, radiotherapy has played an increasingly favorable role in the treatment of HCC with the development of radiation delivery techniques, such as three-dimensional conformal radiotherapy, stereotactic body radiotherapy and image-guided radiotherapy,^[@bib7]^ however, various adverse effects have also been reported. The failure of radiotherapy to cure HCC is caused not only by the radioresistance of tumor cells but also by its side effects. Moreover, a study by Cheng *et al.* demonstrated that radiation enhances the invasiveness of HCC by upregulating matrix metalloproteinase-9 protein levels through the phosphatidylinositol-3′-kinase/Akt and nuclear factor-κB signal transduction pathways.^[@bib8]^ Previous studies have described that radiation increases toxic substances, such as interleukin-6 and reactive oxygen species, in normal hepatocytes^[@bib9],\ [@bib10],\ [@bib11]^ by activating signaling pathways including epidermal growth factor receptor, phosphatidylinositol-3′-kinase, mitogen-activated protein kinase (MAPK), c-Jun-NH(2)-terminal kinase and p38 pathways as well as FAS-R and tumor necrosis factor receptor signaling to pro-caspases and nuclear factor-κB.^[@bib12]^ Therefore, radioresistance mechanisms have been actively investigated to improve the survival of patients with cancer, but the mechanisms underlying the development of radioresistance in HCC remain unclear.

Recent evidence suggests a correlation between the cancer stem-like cell (CSC) population with a high capacity for radioresistance and the non-CSC population.^[@bib13]^ In this regard, one of the factors for successful radiotherapy is the radiosensitivity of CSCs. A certain type of HCC cell expressing CD133, a pentaspan transmembrane cell-surface glycoprotein that marks a subset of CSCs in several tumor types, is also associated with radioresistance.^[@bib14],\ [@bib15]^ A study by Bao *et al.* demonstrated that checkpoint kinases, such as Chk1 and Chk2, are more predominantly activated in repair mechanisms in CD133^+^ glioma cells compared with CD133^--^ cells.^[@bib16]^ We have previously reported that such radioresistance is also associated with activation of the MAPK/extracellular regulated kinase (ERK) survival pathway.^[@bib17]^ Furthermore, a recent report suggested that the Wnt/β-catenin pathway may contribute to radioresistance in breast cancer.^[@bib18]^ The role of CSCs in hepatocarcinogenesis has been reported in several studies.^[@bib15],\ [@bib19]^ CSCs are cancer cells with the stemness characteristics of stem cells such as self-renewal and differentiation. CSCs have been hypothesized to influence the prognosis of patients by contributing to the development of recurrence, metastasis and drug resistance.^[@bib20],\ [@bib21],\ [@bib22]^ Therefore, developing strategies that target CSCs may lead to a better treatment response in patients with HCC.

The 14-3-3 proteins are a class of regulatory proteins that are involved in regulating apoptosis, cell cycle progression and mitogenic signaling.^[@bib23]^ Although the direct role of 14-3-3ζ has not been precisely clarified, Niemantsverdriet *et al.* reported that 14-3-3ζ has oncogenic properties, that downregulation of 14-3-3ζ sensitizes cells to stress-induced apoptosis and that ultraviolet-γ radiation increases the apoptosis rate by eightfold in 14-3-3ζ downregulated cells.^[@bib24]^

We have previously reported that the 14-3-3ζ protein is significantly overexpressed in HCC cells and tissues and that suppressing 14-3-3ζ results in increased chemosensitivity to *cis*-diamminedichloridoplatinum (CDDP) in hepatoma cell lines.^[@bib25]^ However, whether silencing 14-3-3ζ affects radioresistance in relation to CSCs in HCC remains unclear. Accordingly, we investigated the effects of 14-3-3ζ knockdown on the molecular mechanism of radioresistance in CD133^+^ liver CSCs in the present study.

Materials and methods
=====================

Cell culture and γ-irradiation (IR)
-----------------------------------

Human hepatoma cells (Huh7) were grown in Dulbecco\'s modified Eagle\'s medium (DMEM; Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (Invitrogen), 100 μg ml^−1^ penicillin and 0.25 μg ml^−1^ streptomycin (Invitrogen) and were maintained in a humidified incubator at 37 °C with 5% CO~2~. Cells were pre-incubated with serum-free DMEM and irradiated at 15 Gy using a cesium-137 source delivering 3.1 Gy min^−1^ (Gammacell 3000 Elan irradiator; Best Theratronics, Ottawa, ON, Canada) in a conical tube before plating the cells in dishes or flasks. Then the cells were counted and plated using the same density.

Flow cytometry
--------------

Cells were harvested with 0.5 m[M]{.smallcaps} trypsin/EDTA (Invitrogen), incubated at 4 °C with phycoerythrin-conjugated anti-CD133/1 antibody (Miltenyi Biotec, Auburn, CA, USA), and analyzed with a FACSCalibur cell sorter (BD Biosciences, Pharmingen, San Jose, CA, USA). The CD133^+^ and CD133^--^ cells were sorted using the FACSCalibur cell sorter. Isotype-matched mouse IgG was used as a control.

Sphere formation assay
----------------------

Cells were plated in multiple ultralow attachment 24-well plates (Costar, Corning, NY, USA) at a density of 100 cells per well in serum-free DMEM/F12 (Invitrogen) with B27 supplement (Invitrogen), basic fibroblast growth factor (20 ng ml^−1^; PeproTech, Rocky Hill, NJ, USA) and epidermal growth factor (20 ng ml^−1^; PeproTech). The cells were incubated in a humidified incubator at 37 °C with 5% CO~2~ and monitored for 5 days. The number of spheres (diameter\>50 μm) per well in four wells was counted using an inverted microscope (Olympus, Tokyo, Japan). The average sphere numbers was attained from these three independent experiments.

Generation of stable short-hairpin small interfering RNA (shRNA) 14-3-3ζ infectants
-----------------------------------------------------------------------------------

In a previous study, we generated three stable 14-3-3ζ knockdown cell lines using a shRNA lentiviral vector (LV; Sigma-Aldrich, St Louis, MO, USA) and puromycin (Sigma-Aldrich) selection.^[@bib25]^ Three shRNA LVs were designed to target positions 232, 349 and 637 in the human *14-3-3ζ* gene (GenBank Accession No. NM_176875.2), and one of these vectors was selected. The shRNA negative control-lentiviral particle (LV-NC) was used as the negative control (NC). To generate stable cells, Huh7 cells were plated in 12-well plates (1 × 10^5^ cells per well), transduced with 5 multiplicity of infection (MOI) lentiviral particles using 8 μg ml^−1^ hexadimethrine bromide (Sigma-Aldrich) and incubated in DMEM containing puromycin (10 μg ml^−1^) for screening at 37 °C with 5% CO~2~. Suppression of 14-3-3ζ in stable cells was confirmed by western blot analysis.

Western blot analysis
---------------------

Protein extracts were separated by 10 and 12% SDS-polyacrylamide gel electrophoresis, transferred to nitrocellulose membranes (Schleicher & Schuell, Dassel, Germany) and blocked in 5% skim milk. Primary antibodies were used as indicated by the manufacturer and are as follows: monoclonal anti-β-actin (Sigma-Aldrich), polyclonal anti-14-3-3ζ (Santa Cruz Biotechnology, Santa Cruz, CA, USA), polyclonal anti-CD133 (Santa Cruz Biotechnology), polyclonal anti-Bax (DAKO, Carpinteria, CA, USA), polyclonal anti-cleaved caspase-3 (Cell Signaling Technologies, Danvers, MA, USA) and monoclonal anti-poly ADP-ribose polymerase (BD Biosciences Pharmingen). The blots were treated overnight at 4 °C with the primary antibodies. The membranes were washed with Tris-buffered saline (TBS) containing 0.05% Tween-20 and incubated with horseradish peroxidase-conjugated anti-mouse, anti-rabbit or anti-goat secondary antibodies (Amersham Biosciences, Cardiff, UK). Protein bands were visualized using an enhanced chemiluminescence system (Amersham Pharmacia Biotech, Uppsala, Sweden) according to the manufacturer\'s instructions.

Cell viability assays
---------------------

Cell viability was evaluated with the Cell Titer 96 AQueous Assay (Promega, Madison, WI, USA). The Cell Titer 96 AQueous Assay is composed of solutions of a novel tetrazolium compound (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; MTS) and an electron coupling reagent (phenazine methosulfate). Cells were plated in multiple 96-well plates at a density of 5000 cells per well. Absorbance was measured at 490 nm using a SpectraMax 250 microplate reader (Molecular Devices, Sunnyvale, CA, USA).

Apoptosis assays and luminometric caspase-3/7 activity test
-----------------------------------------------------------

Apoptosis was detected by Annexin V/propidium iodide (PI) staining (BD BioSciences) according to the manufacturer\'s instructions. In total, 10 000 cells were counted by flow cytometry using a fluorescence-activated cell sorter (Becton-Dickinson, San Jose, CA, USA). The resulting data were analyzed using Summit 5.2 software (Beckman Coulter Inc., Miami, FL, USA). Caspase-3/7 activity was measured in cells using Caspase-Glo 3/7 (Promega) following the manufacturer\'s protocol. Luminescence was measured using a SpectraMax 250 microplate reader.

Immunofluorescence staining
---------------------------

Cells were fixed in methanol/formaldehyde solution for 15 min in the cleaved caspase-3 immunofluorescence assay. The fixed cells were incubated with anti-cleaved caspase-3 (1:200; Cell Signaling Technologies), followed by incubation with Alexa 488-labeled anti-rabbit IgG (1:1000; LifeTechnologies, Carlsbad, CA, USA). The cells were stained with 4′-6-diamidino-2-phenylindole (Sigma-Aldrich) to counterstain the nuclei and were then examined by fluorescence microscopy (Olympus).

Statistical analysis
--------------------

All experiments were performed at least three times. Statistical comparisons were performed by analysis of variance using SPSS 13.0 software (SPSS, Chicago, IL, USA). A *P*-value \<0.05 was considered significant.

Results
=======

14-3-3ζ expression is upregulated in liver CSCs after IR
--------------------------------------------------------

We previously demonstrated that 14-3-3ζ has an important role in the development of HCC and that silencing the 14-3-3ζ gene enhances the chemosensitivity effect of CDDP in HCC.^[@bib25]^ In the present study, we investigated whether the knockdown of 14-3-3ζ expression is also associated with radioresistance in liver CSCs.

First, we conducted a sphere-forming assay to confirm whether CD133^+^ hepatoma cells have the stemness characteristic of CSCs ([Figure 1a](#fig1){ref-type="fig"}). More spheres were counted in CD133^+^ liver CSCs than in CD133^--^ cells (*P*\<0.05; [Figure 1a](#fig1){ref-type="fig"}). In contrast, a slight decrease in both CD133^+^ and CD133^--^ cells was observed after IR. Notably, the size of spheres decreased in IR-exposed cells compared with non-exposed cells. These results indicate that only CD133^+^ hepatoma cells have self-renewal and differentiation capacity. Therefore, we used CD133^+^ hepatoma cells for further analyses.

A western blot analysis was performed after IR to confirm whether 14-3-3ζ expression was regulated between CD133^+^ and CD133^--^ cells after IR ([Figure 1b](#fig1){ref-type="fig"}). 14-3-3ζ expression was upregulated by approximately 1.5-fold in CD133^+^ cells after IR compared with non-exposed CD133^+^ cells (*P*\<0.05; [Figure 1b](#fig1){ref-type="fig"}). However, no significant difference in 14-3-3ζ expression was noted between CD133^--^ and IR-exposed CD133^--^ cells. In addition, 14-3-3ζ expression was similar between CD133^+^ and CD133^--^ cells. These results indicate that 14-3-3ζ acts on liver CSCs when hepatoma cells are treated with IR.

Silencing 14-3-3ζ in liver CSCs using LVs
-----------------------------------------

We established cell lines using LVs containing shRNAs of NC and 14-3-3ζ (Zeta) to silence 14-3-3ζ. After silencing 14-3-3ζ, expression in LV-NC and LV-Zeta cells was analyzed by western blot analysis ([Figure 2a](#fig2){ref-type="fig"}). 14-3-3ζ expression decreased by approximately 70% in LV-Zeta cells compared with LV-NC cells (*P*\<0.01; [Figure 2a](#fig2){ref-type="fig"}). We also determined whether 14-3-3ζ silencing was retained after cell sorting with an anti-CD133/1 antibody. The LV-NC and LV-Zeta cells were sorted into CD133^+^ (LV-NC^CD133+^ and LV-Zeta^CD133+^) and CD133^--^ (LV-NC^CD133--^ and LV-Zeta^CD133--^) cells, and protein expression in LV-NC and LV-Zeta cells was analyzed by western blot analysis. 14-3-3ζ expression in both LV-Zeta^CD133+^ and LV-Zeta^CD133--^ cells decreased compared with LV-NC^CD133+^ and LV-NC^CD133--^ cells ([Figure 2b](#fig2){ref-type="fig"}). These results show that the silencing of 14-3-3ζ was maintained in hepatoma cells after sorting.

Silencing 14-3-3ζ inhibits cell viability and stemness after IR by reducing radioresistance in liver CSCs
---------------------------------------------------------------------------------------------------------

We explored whether silencing 14-3-3ζ would affect the stemness characteristics of CSCs and cell viability in CD133^+^ liver CSCs after IR exposure. We performed the MTS assay in IR-exposed LV-NC and LV-Zeta cells after sorting to evaluate cell viability. The viability of CD133^--^ cells significantly decreased after IR compared with CD133^+^ cells because of radiosensitivity (data not shown). Cell viability decreased compared with non-exposed cells at 96 h after IR (*P*\<0.05; [Figure 3a](#fig3){ref-type="fig"}). Notably, the cell viability of LV-Zeta^CD133+^ cells decreased significantly compared with LV-NC^CD133+^ cells at 96 h after IR (*P*\<0.05; [Figures 3a and b](#fig3){ref-type="fig"}). However, no significant difference was observed between LV-NC^CD133--^ and LV-Zeta^CD133--^ cells at 96 h after IR (data not shown). These results suggest that silencing 14-3-3ζ inhibited cell viability in CD133^+^ liver CSCs after IR by reducing radioresistance.

A sphere-forming assay was conducted to identify whether the silencing of 14-3-3ζ would affect the self-renewal and differentiation capacity of CD133^+^ liver CSCs. Significantly fewer LV-Zeta^CD133+^ spheres were detected compared with LV-NC^CD133+^ cells (*P*\<0.01; [Figure 3c](#fig3){ref-type="fig"}). However, no significant difference in the number of spheres was observed between LV-NC ^CD133+^ and IR-exposed LV-NC^CD133+^ cells. Moreover, the number of spheres decreased significantly in IR-exposed LV-Zeta^CD133+^ cells compared with unexposed LV-Zeta^CD133+^ cells (*P*\<0.05; [Figure 3c](#fig3){ref-type="fig"}). These results suggest that silencing 14-3-3ζ reduces the stemness characteristics of liver CSCs after radiation, resulting in diminished radioresistance in HCC.

Knockdown of 14-3-3ζ enhances radiation-induced apoptosis in liver CSCs
-----------------------------------------------------------------------

The MTS assay revealed that CD133^+^ liver CSCs maintained their cell viability after IR compared with CD133^--^ cells. However, IR-exposed LV-Zeta^CD133+^ cells showed a reduced cell viability via diminished radioresistance. Annexin V-PI staining was performed to determine whether cell viability and/or cell death were affected by silencing 14-3-3ζ after IR.

The number of apoptotic cells (Annexin V-positive cells) increased in both LV-NC and LV-Zeta cells after IR, but no significant difference in the necrotic cells (PI-positive and Annexin V-negative cells) was noted between the groups ([Figure 4a](#fig4){ref-type="fig"}). The number of early apoptotic cells (Annexin V-positive and PI-negative cells) was approximately 3.5-fold greater in the LV-Zeta^CD133+^ group than the LV-NC^CD133+^ group (*P*\<0.05; [Figure 4a](#fig4){ref-type="fig"}). However, no significant difference was observed in the early apoptotic cells between LV-NC^CD133--^ and LV-Zeta^CD133--^ cells ([Supplementary Figure 1A](#sup1){ref-type="supplementary-material"}). These results indicate that silencing 14-3-3ζ enhanced the radiation-induced apoptosis in CD133^+^ liver CSCs. Next, a western blot analysis was performed to further confirm the involvement of pro-apoptotic proteins, such as Bax, caspase-3 and poly ADP-ribose polymerase, in radio-induced apoptosis by 14-3-3ζ knockdown. Cleaved caspase-3 and Bax expression increased more in LV-Zeta^CD133+^ cells compared with LV-NC^CD133+^ cells after IR (*P*\<0.05; [Figure 4b](#fig4){ref-type="fig"}). However, poly ADP-ribose polymerase expression increased only slightly in LV-Zeta^CD133+^ cells compared with LV-NC^CD133+^ cells after IR, but no significant difference was observed. No significant differences were noted between the control and IR-exposed CD133^--^ cells. These results indicate that silencing 14-3-3ζ enhanced radiation-induced apoptosis in liver CSCs after IR.

We measured caspase-3/7 activity to determine whether radio-induced apoptosis was increased by 14-3-3ζ knockdown. Caspase-3/7 activity was significantly greater in LV-Zeta^CD133+^ cells than in LV-NC ^CD133+^ cells after IR (*P*\<0.05; [Figure 5a](#fig5){ref-type="fig"}). However, no differences in caspase-3/7 activity were observed between LV-NC^CD133--^ and LV-Zeta^CD133--^ cells after IR ([Supplementary Figure 1B](#sup1){ref-type="supplementary-material"}). In addition, we performed immunofluorescence staining of cleaved caspase-3 to verify apoptosis. The nuclei were more condensed, and cleaved caspase-3-positive cells were detected more predominantly in IR-exposed cells than in non-IR exposed cells. Cleaved caspase-3 was detected at greater levels in the LV-Zeta^CD133+^ cells compared with LV-NC^CD133+^ cells after IR ([Figure 5b](#fig5){ref-type="fig"}), but no significant difference was observed between LV-Zeta^CD133--^ and LV-NC^CD133--^ cells (data not shown). These results suggest that 14-3-3ζ knockdown increased caspase-3/7 activity and enhanced radiation-induced apoptosis in liver CSCs.

Discussion
==========

HCC is a highly malignant tumor with a poor prognosis despite several therapeutic strategies including radiation therapy.^[@bib26]^ The role of radiation therapy in cancer treatment is to suppress tumor growth by inhibiting cell viability and inducing apoptosis.^[@bib27]^ Thus, radiation therapy has been widely applied to various types of cancer, but its therapeutic efficiency remains limited because of radiotoxicity in non-tumorous tissue and radioresistance in tumorous tissue. Recent studies have reported that restricted subsets of tumor cells, defined as CSCs, share characteristics with normal stem cells but are related to chemo- and radioresistance.^[@bib28],\ [@bib29],\ [@bib30]^ However, whether this radioresistant subpopulation possesses stemness characteristics in HCC is not completely understood.

In our previous study, we reported that CD133^+^ cells showing CSC stemness characteristics are associated with radioresistance in HCC.^[@bib17]^ These results suggest that increased CD133^+^ cell proliferation following IR may be due to activation of the survival-promoting ERK/MAPK pathway.

The MAPK/ERK signaling pathway is involved in cell progression and is activated by various proteins, such as 14-3-3ζ proteins.^[@bib31]^ In particular,14-3-3ζ expression is upregulated in various types of malignancies, including oral cancer,^[@bib32]^ breast cancer,^[@bib33]^ lung carcinoma and HCC.^[@bib34],\ [@bib35]^ In addition, the silencing of 14-3-3ζ increases the radiosensitivity of ultraviolet irradiation and increases apoptosis eightfold in lung cancer.^[@bib24]^ In our previous study, we also demonstrated that silencing 14-3-3ζ inhibits tumor growth and enhances chemosensitivity to CDDP.^[@bib25]^ These results suggest that 14-3-3ζ influences chemosensitivity to CDDP by regulating the c-Jun-NH(2)-terminal kinase and p38/MAPK pathways.

In this study, we determined whether 14-3-3ζ is associated with the mechanism of radioresistance in liver CSCs. As shown in [Figure 1](#fig1){ref-type="fig"}, 14-3-3ζ expression levels in CD133^+^ cells were more upregulated than CD133^--^ cells post IR. These results suggest that 14-3-3ζ in liver CSCs has a particular role in radioresistance in HCC.

CSCs possess several features associated with resistance to DNA damage, including increased DNA repair capacity and resistance to apoptosis.^[@bib36]^ We further investigated whether expression of 14-3-3ζ is involved in regulating stemness, cell viability and apoptosis resistance in CSCs by establishing a 14-3-3ζ stable knockdown Huh7 cell line using a lentiviral shRNA.^[@bib25]^

We found that silencing 14-3-3ζ affected the cell viability of liver CSCs following exposure to IR. CSCs have extensive cell viability and a high survival rate because of their strong radioresistant characteristics after IR. We found that downregulation of 14-3-3ζ in liver CSCs may increase the sensitivity to IR and significantly decrease cell viability following IR exposure ([Figure 3](#fig3){ref-type="fig"}). Furthermore, we observed an increased rate of apoptosis after IR in the CSCs following knockdown of 14-3-3ζ, resulting in reduced radioresistance. Moreover, 14-3-3ζ knockdown enhanced radiation-induced apoptosis and was accompanied by high amounts of cleaved caspase-3 and Bax in liver CSCs. This observation was also confirmed by previous studies showing that the silencing of 14-3-3ζ increases Bax activation.^[@bib37],\ [@bib38]^ In addition, previous studies have reported that 14-3-3ζ is involved in apoptosis via interactions with proteins related to the mitochondrial permeability transition and apoptosis.^[@bib39],\ [@bib40],\ [@bib41]^ Thus, our results suggest that suppressing 14-3-3ζ inhibited cell viability and enhanced radiation-induced apoptosis via interactions with Bax, leading to reduced radioresistance.

An exploration of the mechanism underlying cellular and molecular radioresistance is essential to improve the therapeutic efficacy of radiation therapy for HCC. In this regard, our findings show that the expression of 14-3-3ζ may be involved in the response to IR and that the knockdown of 14-3-3ζ reduced the radioresistant characteristics of CSCs. We also demonstrated that stable depletion of 14-3-3ζ reduced CSC stemness and enhanced radio-induced apoptosis following IR exposure. In conclusion, regulating 14-3-3ζ expression may contribute to the therapeutic efficacy of radiation therapy for HCC.
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![Correlation of stemness characteristics with 14-3-3ζ expression in CD133^+^ and CD133^--^ hepatoma cells after γ-irradiation (IR). (**a**) Representative phase-contrast micrographs of tumor spheres formed in CD133^+^ and CD133^--^ cells at 96 h after IR. Black bars, 50 μm. Sphere formation efficiency is represented by a quantitative analysis. The number of spheres (diameter\>50 μm) from 100 cells was counted at 96 h after IR. The data are the mean±s.d of three independent experiments (\*\**P*\<0.01). (**b**) 14-3-3ζ expression was analyzed by western blot using a 14-3-3ζ antibody in CD133^+^ and CD133^--^ cells at 96 h after IR. Band densities were quantified with TINA imaging analysis software and normalized to β-actin expression. The data represent the relative density of IR and were reproduced in three independent experiments (\**P*\<0.05). Con, control.](emm2013151f1){#fig1}

![Knockdown of 14-3-3ζ expression in the negative control-lentiviral particle (LV-NC) and LV-Zeta cells. (**a**) Protein lysates from LV-NC and LV-Zeta cells were analyzed by western blot analysis using a 14-3-3ζ antibody. The band densities were quantified with TINA imaging analysis software and normalized to β-actin expression. The data are expressed relative to the density of NC and were reproduced in three independent experiments (\*\**P*\<0.01). (**b**) LV-NC and LV-Zeta cells were sorted into CD133^+^ and CD133^--^ cells. 14-3-3ζ expression was analyzed by western blot analysis in sorted LV-NC and LV-Zeta cells.](emm2013151f2){#fig2}

![The capacity of cell viability and stemness in γ-irradiation (IR)-exposed negative control-lentiviral particle (LV-NC) and LV-Zeta cells. The MTS assay was performed at 0, 48 and 96 h in IR-exposed cells to investigate cell viability in LV-NC and LV-Zeta cells. (**a**) CD133^+^ cell viability was measured at 48 and 96 h after IR. The capacity to proliferate was represented relative to the absorbance of LV-NC cells at 48 h after IR. (**b**) The graph shows the cell viability of LV-Zeta^CD133+^ cells at 96 h after IR. The rate of cell viability is presented relative to the absorbance of unexposed cells at 0 h. The results represent the mean±s.d. of three independent experiments (\**P*\<0.05). (**c**) A sphere formation assay was performed after IR to verify the stemness characteristic in IR-exposed LV-NC and LV-Zeta cells. Representative phase-contrast micrographs of tumor spheres formed in LV-NC^CD133+^ and LV-Zeta^CD133+^ cells at 96 h after IR. Black bar, 50 μm. Sphere formation efficiency is represented by a quantitative analysis. The number of spheres (diameter\>50 μm) from 100 cells was counted at 96 h after IR. The results are the mean±s.d. of three independent experiments (\*\**P*\<0.01). Con, control.](emm2013151f3){#fig3}

![Radio-induced apoptosis and expression of pro-apoptotic proteins in negative control-lentiviral particle (LV-NC) and LV-Zeta cells after γ-irradiation (IR). (**a**) Apoptotic cell death was measured by flow-assisted cytometry analysis with fluorescein isothiocyanate-conjugated Annexin V/propidium iodide staining at 96 h after IR to determine radio-induced apoptosis in LV-NC^CD133+^ and LV-Zeta^CD133+^ cells. The lower right quadrant indicates early apoptotic cells, and the upper right quadrant indicates late apoptotic cells. The early apoptotic cells are represented by a quantitative analysis. The results are the mean±s.d. of three independent experiments (\*\**P*\<0.01). (**b**) Protein lysates were analyzed by western blot analysis using Bax, cleaved caspase-3 and poly ADP-ribose polymerase (PARP) antibodies in LV-NC^CD133+^ and LV-Zeta^CD133+^ cells at 96 h after IR. The band densities were quantified with TINA imaging analysis software and normalized to β-actin expression. The data are expressed relative to the density of IR- and were reproduced in three independent experiments (\**P*\<0.05).](emm2013151f4){#fig4}

![Caspase-3/7 activity and cleaved caspase-3 expression in negative control-lentiviral particle (LV-NC) and LV-Zeta cells after γ-irradiation (IR). (**a**) Caspase-3/7 activities were measured by luminescence in LV-NC^CD133+^ and LV-Zeta^CD133+^ cells at 96 h after IR. The data are expressed relative to the luminescence of LV-NC cells and were reproduced in three independent experiments (\**P*\<0.05). (**b**) Cleaved caspase-3 (green) expression was measured by immunofluorescence staining in LV-NC^CD133+^ and LV-Zeta^CD133+^ cells at 96 h after IR. The nuclei were stained with 4′-6-diamidino-2-phenylindole (DAPI; blue). Original magnification, × 200.](emm2013151f5){#fig5}
